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M3D-C1 and NIMROD solve 3D MHD Equations in Toroidal 
Geometry including Impurity Radiation and Runaway Electrons

, , , , ,e i e i e i e i e iT Tk k=- Ð - Ðq

ÅAlso, separate equations for resistive wall and vacuum regions
ÅCodes have a fluid model for Runaway Electron current JRA (with sources)

Å Impurity pellet ablation models
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M3D-C1 and NIMROD have very different 
numerical implementations

M3D-C1 NIMROD

Poloidal Direction Tri. C1 Reduced QuinticFE High. Order quad C0 FE

Toroidal Direction Hermite Cubic C1FE                               Spectral

Magnetic Field

Velocity Field

Coupling to Conductors same matrix Separate matrices w interface

Ĕ
r zf F B R B Z Bjy j j j^

¡=Ð ³Ð -Ð + Ð = + +B B

2 2 2 Ĕ
r zR U R R V R V Z Vjj w j c j-

^= Ð ³Ð + Ð + Ð = + +V V

Both codes use:
ÅSplit Implicit time advance
ÅBlock-Jacobi preconditioner based on SuperLU_DISTor MUMPS
ÅGMRES based iterative solvers
Å Impurity ionization and recombination rates from KPRAD
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Because the two codes use different representations, but solve 
the same equations, they are a very good check on one another.
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3ÅÖÅÒÁÌ ȰÄÅÅÐ ÄÉÖÅȱ ÖÅÒÉÆÉÃÁÔÉÏÎ ÅØÅÒÃÉÓÅÓ ÉÎ ÔÈÅ ÌÁÓÔ ÆÅ× ÙÅÁÒÓȡ

Disruption Mitigation in 2D
B.Lyonsȟ ÅÔ ÁÌȟ Ȱ!ØÉÓÙÍÍÅÔÒÉÃ ÂÅÎÃÈÍÁÒËÓ ÏÆ ÉÍÐÕÒÉÔÙ ÄÙÎÁÍÉÃÓ ÉÎ ÅØÔÅÎÄÅÄ-magnetohydrodynamic 
ÓÉÍÕÌÁÔÉÏÎÓȱȟ 0ÌÁÓÍÁ 0ÈÙÓÉÃÓ ÁÎÄ #ÏÎÔÒÏÌÌÅÄ &ÕÓÉÏÎ 61 (2019)

VDE in 2D
)Ȣ +ÒÅÂÓȟ ÅÔ ÁÌȟ Ȱ!ØÉÓÙÍÍÅÔÒÉÃ ÓÉÍÕÌÁÔÉÏÎÓ ÏÆ ÖÅÒÔÉÃÁÌ ÄÉÓÐÌÁÃÅÍÅÎÔ ÅÖÅÎÔÓ ÉÎ ÔÏËÁÍÁËÓȡ  ! ÂÅÎÃÈÍÁÒË ÏÆ 
M3D-#Χȟ .)-2/$ȟ ÁÎÄ */2%+ȱȟ 0ÈÙÓ 0ÌÁÓÍÁÓ 27(2020)

VDE in 3D
F. Artolaȟ ÅÔ ÁÌȟ ȰΩ$ ÓÉÍÕÌÁÔÉÏÎÓ ÏÆ ÖÅÒÔÉÃÁÌ ÄÉÓÐÌÁÃÅÍÅÎÔ ÅÖÅÎÔÓ ÉÎ ÔÏËÁÍÁËÓȡ ! ÂÅÎÃÈÍÁÒË ÏÆ -Ω$-C1, 
.)-2/$ȟ ÁÎÄ */2%+ȱȟ 0ÈÙÓ 0ÌÁÓÍÁÓ 28 (2021)

Disruption Mitigation in 3D
In progress (2021/2022)



Disruption Mitigation in 2D
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Å Code verification exercise starts with realistic 
DIII-D equilibrium to which argon has been 
added

Å Shown at left are the M3D-C1 and NIMROD 
electron temperatures at 3 times during the 
argon-induced quench.  (color scale varies at 
each time.)

Å Also shown and in excellent agreement are 
the time histories of global plasma quantities 
such as thermal energy, plasma current, and 
total number of electrons.

Å This provided an invaluable check on both 
the ionization, radiation, and MHD routines, 
and several (minor) errors were corrected.

Lyons, Kim et ap, PPCF 61 (2019),



2DLinearVDE benchmark between M3D-C1, NIMROD & JOREK

Equilibrium poloidal 
magnetic flux in M3D-C1

Å Realistic equilibrium (NSTX) but simplified geometry that all 
codes can handle (rectangular resistive wall)  

Å Codes agree to within a few % on growth rates over wide range 
of wall resistivity.  Excellent check on resistive wall routines

I. Krebs, C. Sovinec, et al,PhysPlasmas27(2020) 10
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2D NonlinearVDE benchmark between M3D-C1, NIMROD & JOREK

Poloidal magnetic flux

ÅGood agreement amongst 3 codes on time evolution of plasma and  
wall currents, plasmapositionand the halo current distribution. 
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I. Krebs, C. Sovinec, et al,PhysPlasmas27(2020)



3D Nonlinear VDE benchmark between M3D-C1, NIMROD, and JOREK
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JOREK

M3D-C1

NIMROD

Å Shown at left are the evolution of the pressure at 
plane f=0 for the 3 codes at late times, after n > 0 
instabilities have set in.   Poincare plots showing the 
magnetic topology are overlaid.

Å Below are the z-position of the magnetic axis and 
plasma current vs time for the 3 codes

Time (ms)
I. F. Artolaȟ ÅÔ ÁÌȱ 0ÈÙÓ 0ÌÁÓÍÁÓ 28 (2021)



3D Disruption Mitigation Modeling (in progress)
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Å M3D-C1 and NIMROD modeling same SPI Mitigation shot on DIII-D for benchmark

Å Initial comparisons showed differences near boundary, M3D-C1 saw return flow on 
open field lines, NIMROD did not

Å After much digging, it turned out 
that M3D-C1 and NIMROD were 
implementing the no-slip boundary 
condition differently at the wall.

Å M3D-C1 was forcing both the stream 
function and the potential parts of 
the velocity field to vanish at the 
boundary, not just their sum

Å After this was corrected, the 2 codes agreed much better (next slide)!
Lyons, Kim

M3D-C1
NIMROD



M3D-C1 flow fields before and after slip  boundary conditions are corrected

14

2 2 Ĕ 0R U R tj c-è øÐ ³Ð + Ð =ê ú

2

2

Ĕ 0

Ĕ 0

R U t

R t

j

c-

Ð ³Ð =

Ð =
Poloidal flow along 
midplane cut

Å4ÈÉÓ ȰÂÕÇȱ ÍÁÙ ÎÅÖÅÒ ÈÁÖÅ ÂÅÅÎ 
uncovered if not for this benchmark 

Lyons, Kim

M3D-C1 before

M3D-C1 after

before after

NIMROD in red



Center for Tokamak Transient Simulations -- Outline 

1. Code Descriptions and code benchmarks

2. Forces due to Vertical Displacement Events 

3. Disruption Mitigation via Impurity Injections

4. Runaway Electrons interacting with MHD

5. Neoclassical Tearing Modes and Mode Locking

6. Sawteeth and Sawtooth-free discharges

7. Soft beta limits and disruption avoidance
15

8. List of talks at  2021 Theory and 
Simulation of Disruption Workshop

9. Publications

10.Summary

11.Future Plans



Vertical Displacement Events  (VDEs) can 
occur when vertical position control is lost

5.3 T 15MA ITER
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(a) (c) (d)

ÅWe have calculated the forces to be expected in the ITER vessel in both the 
vertical and horizontal directions

Å The vertical forces can be computed in 2D,but the horizontal require 3D 

I. Krebs



TheVDEinducesboth toroidal and poloidal currents in the 
vessel, both of which cause large forces due to J x B

Halo currents ( shown in 
yellow) pass between 
plasma and structure

Å Plotted arethe wall forces arise due both to the toroidal 
currents (top) and the poloidal halo currents (bottom)

ÅWe found that the large force due to halo currents is 
compensated by reduced force due to toroidal currents !!

\

Force due to 
Halo currents

Force due to 
Toroidal currents

Total Force

C. Clauser, NF 59 (2019)



TheVDEinducesboth toroidal and poloidal currents in the 
vessel, both of which cause large forces due to J x B

Halo currents ( shown in 
yellow) pass between 
plasma and structure

Å Plotted arethe wall forces arise due both to the toroidal 
currents (top) and the poloidal halo currents (bottom)

ÅWe found that the large force due to halo currents is 
compensated by reduced force due to toroidal currents !!

\

Force due to 
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Toroidal currents

Total Force

C. Clauser, NF 59 (2019)

This study 
provided new 
insight into the 
forces due to the 
halo currents



Cold VDE in ITER due to current quench
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Å Alan Boozer wrote a paper claiming that a fast 
current quench in ITER would cause it to 
become unstable to a VDE, even if the walls 
were perfectly conducting

Å His analytic analysis made a number of
geometrical simplifications (rectangular vv)

Å7Å ×ÅÒÅ ÁÂÌÅ ÔÏ ÓÈÏ× ÔÈÁÔ ÕÎÄÅÒ "ÏÏÚÅÒȭÓ 
assumptions, we recover his result numerically

Å However, extending this to more realistic ITER 
geometry and parameters, we found that this was not 
a significant concern for ITER

Clauser< Phys Plasma , 28 (2021) 


